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Timothy J. Madden
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(COIL) “

16:55-17:35

Valery D. Nikolaev

» The gas dynamic parameters and efficiency of mixing in COIL with array of supersonic
nozzles

1A7;?;15)a-raltt8e:i?eeting of the AFRL contingent with the Israeli Group for contract discussions
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Session I11
Chair : Charles Helms
9:00 - 9:40

Gordon Hager
» The measurement of gain on the 1.315 um transition of atomic iodine in a subsonic flow of
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9:40 - 10:20

Vit Jirasek, Jarmila Kodymova, Otomar Spalek
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Nikolai N. Yuryshev
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A separate meeting of the AFRL contingent with the Czech Group for contract discussions
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15:30 - 16:30
Visit of COIL laboratory
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1/ A contribution will be given by the underlined colleagues
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Lebedev Physical Institute, Samara Branch

The completely scalable 1 kW class
supersonic COIL

Za/fys/z// oy A l/

Background

. New compact Verty-JSOG operating stable up to 100 mmole/s of
Cl,

_ Minimization of O,('A) losses when it is transported from JSOG to
nozzle at high pressure and N2 dilution.

. Optimization of geometry and gases flow rates.

. COIL operation with slit nozzles because previously high
efficiency was achieved with slit nozzle and 10 mmole/s of CI2 and
N2 dilution

. Demonstration of high power with N, dilution and 5 cm gain
length and new Verty-JSOG.

. Operation at minimal volume pump rate as possible

. Scalability of COIL



(1

[ /(DMAH
m Lebedev Physical Institute, Samara Branch

10
s 2 N Ni 9
Py [l /
P AN | Y PR . |
g 3~
p i
4 II\|\F+|2
6 2 |
4 "—KOH-H202-H20
5

The set-up of COIL with Verty-JSOG and two slit nozzles

1- body of VISOG ; 2- two slit nozzles ; 3 - counter-flow reactor
;4- the nozzle bank for BHP jets ; 5-the inlet for Cl, 6- mixing
chamber 6 ; 7- iodine mixer ; 8- laser cavity ; 9-mirrors ; 10-vacuum
duct
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PreSsures in gas-flowing part of the laser and the Mach number.
Ge:Grap:Gros = 1:2:1. G:=39.2 mmole/s., Pressure in JSOG 35 torr.
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Lebedev Physical Institute, Samara Branch
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Dependence of output power on iodine flow rate and mirrors
set at Gc: Gsz Gst 1:2:1. G =39.2 mmole/s
Throat-optical axis distance L=55 mm
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Lebedev Physical Institute, Samara Branch

1. Change the primary gas flow rate.

Then ratio of gas flows was Gc:Gnop:Gnzs = 1:1:1 to decrease
pressure in JSOG and plenum pressure and decrease 0,('A)
losses. Psog=28 torr, but lower Mach number and low power
were obtained. At high I, flow rate the subsonic flow in cavity
and zero power were obtained.

2. Change the throat-optical axis distance up to L= 80 mm.
The power 467W was achieved for GI2=0.47 mmole/s (higher
than 370W for L=55m ). But for GI2 > 0.54 mmole/s the
subsonic mode in cavity and zero power. Near GI2~0.5
mmole/s the unstable subsonic or supersonic mode in cavity.
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The transition from supersonic mode operation to subsonic mode. @ -
pressure in the cavity, P; , M - laser power, L=80 mm.
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OPERATION OF COIL WITH 68 MMOLE/S OF CHLORINE
Go:Grop:Gras = 1:2:1. L=55 mm. Psoc=57 torr, Plenum
pressure 36 torr.

If N2 flow rate for mirror purging from 4.5 mmole/s to 10
mmole/s power from 890W to 1035W, Mach number from
1.49 to 1.39, cavity pressure from 7.6 torr to 9.7 torr.
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Dependence of output power on the total mirrors' transmissivity for G,
= 68 mmole/sec and Gy, =0.71 mmole/sec. @ - primary nitrogen at
room temperature, O - cold primary nitrogen.

Estimated threshold transmission 6% , estimated losses 0.5%,
estimated SSG 6.5x10° cm™.
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OPERATION OF COIL WITH 75 MMOLE/S OF CHLORINE

Go:Grop:Gros = 1:2:1. L=55 mm. Psog=67 torr, Plenum
pressure 42 torr.

1.

2.

5.

6.

For N2 flow rate 2.7 mmole for mirror purging and GI2=
0.8 mmole/s Mach number 1.5 but power 0. |

For N2 flow rate 6.8 mmole/s for mirror purging and
GI2=0.89 mmole/s power 1030W was obtained

(M=15%).(T1=0.94%, T2=0.9%)

The use of ratio G.:Gup:Grnos = 1:1:1 resulted in to

subsonic mode and 0 power.

_The use ratio G.:Guop:Gras = 1:1:0.58 resulted in the same
result.
The use ratio G.:Grop:Gros = 1: 0.9 : 1.28 resulted in 1303

W (T1=0.8%, T2=0.7%).
The use ratio G.:Gnop:Gros = 1 ¢ 1.28 : 1.28 resulted 1n
1408 W (T1=0.8%, T2=0.7%, GI2=0.7 mmole/s)

In last run mirrors were destroyed.
No cold primary N2 was used because we expected power
more than 1500W and mirror destruction.
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SUMMARY OF RESULTS

1400 —
1200 =
1000 =
800 =

600 -

Laser power, W

400 -

200 -

I'lllll'l'lll'l'
0 10 20 30 40 50 60 70 80
Chlorine flow rate, mmole/sec
Dependence of laser power on chlorine flow rate. The direct line
corresponds to chemical efficiency of 20%.

G, Gnos | Gror | T1,To, W n,%| M
_ %
23 23,2 | 46.5 | 0.7;0.7 390(@) | 18.7 | 1.24
23 232|465 | 1,0 | 429(W) | 20.6 | 1.24
39.2 39,2 | 784 | 0.9;0 574(%) | 16.2 1.48
300 | 43 | 784 | 1;0 | 79%(W) | 224 [1.52
39.2 40 | 78,4 | 1.3;0 642(%) | 18.1 1.51
39.2 39,2 | 78.4 {0.7,0.7 764(@) | 21.4 [1.37
39.2 43 |78.4% 1;0 858(0) | 24.1 1.38
68 66 66 10.8:0.7|1074(A)|17.4 {1.51
68 | 66 | 66* |0.8:0.7]| 1183(A) | 19.2[1.43
75 65.7 1135.5{0.7;0.7 | 1074(®) | 158 | 1.5
75 1657 | 95.8 |0.8;0.7 | 1303(A) | 19.2| 1.4
75 82. | 95.8 10.8;0.7 | 1408(A) | 20.7 1.5

*_ cold primary nitrogen
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Conclusions

1. The output power growths close to linearly when for chlorine flow
rates from 23 mmole/s to 75 mmole/s

2. The effect of gas heating on gas flow was observed (transition
from supersonic to subsonic operation).

3. The power 1.4 kW (n=20.7%) for 75 mmole/s and n=24.1%
(858W) for 39.2 mmole/s of C12 were achieved.

4. 5 kW per 1 liter of JSOG volume, §-=100 W/cm?, 2.7 W per 1 L/s

of exhaust pump capacity.

The estimated SS gain 6x107 cm™.

6. Verty-JSOG is a good energy machine for COIL. The results
obtained in this work can be as basis for comparison of other

mixing-nozzles systems (reference point).
7. The gas flow section of high power COIL can be constructed as number of
gas flow sections similar to considered.

e
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RECENT EXPERIMENTAL RESULTS ON COIL DEVICE
IN PRAGUE

Otomar SPALEK, Jarmila KODYMOVA,
Vit JIRASEK, Jan KUZELKA

Department of Gas Lasers
Institute of Physics, Academy of Sciences of the Czech Republic




EXPERIMENTAL

SSCOIL with JSOG - construction finished a year ago

Singlet oxygen generator

made of Plexiglas, cross section of 50 x 48 mm,

20 cm long BHP jets, 2 chlorine injectors in side walls (10 or 15 cm from top),
BHP jet injectors - 6 mm plate, 304 - 380 openings of 0.8 mm,
(S=32-4.0cm™),

liquid jets (velocity ~ 6 m s ') driven by AP created by a gear pump.

Close-loop BHP system

BHP tank with stainless steel heat exchanger, refrigerator ( ~2 kW),
BHP circulation - gear pump (110 1 min™),

Liquiflo comp., model 312, frequency transducer,

continuous COIL operation at 40 mmol Cl, /s up to ~ 4 minutes,
total time of JSOG operation with 15 litres of BHP ~ 40 min.

Generator gas outlet and subsonic channel (schema)

- throttle valve for choking the gas flow,
- electro-pneumatically controlled vacuum tight flat valve,
- diagnostic cell: O, (Ay) emission at 1270 nm by Ge photodiode,
Oz('Zg) emission at 762 nm (Si photodiode) for c;y0,
Cl, chlorine concentration measurement from light absorption
(330 nm),
gas pressure, temperature
- injector of primary He (2 rows of 25 x 0.7 mm i.d., # 45 °).

Iodine injector (nozzle)

- stainless steel block with inner duct of 50 x 9.6 mm,

- 2 rows of openings (21 holes 0.8 mm and 42 holes 0.4 mm),

- heated by two transistors up to 60 - 90°C,

- a distance between I, injection and the sonic throat adjustable to 6 -10 mm..



Supersonic nozzle and optical cavity

- single horizontal slit(critical height 6.7 mm, width 50 mm),

- made of stainless steel (or Plexiglas), inserted into a laser body,

- shape designed according to the method of characteristics and still opened
by 3°,

- distance between the throat and resonator optical axis from 35 to 55 mm,

- resonator 85 cm long, lasing gain region 5 cm,

- multimode output beam 3.7 cm x 1.6 cm.

Vacuum pumping system

- Roots blower and single-stage rotary pump
(RUTA 3001/2, Leybold),
3000m’ b,

- LN, trap with ribbed heat exchanger.

Iodine system

A new system of solid iodine evaporation by preheated He flowing through

iodine bed,

Advantage - high area g/s interface for intensive heat transfer from preheated He

tol, = high I, flow rates at small tank dimensions,

Design: solid iodine in tank made of stainless steel cylinder with a glass liner,

- He heater upstream of the tank., He temperature up to 500 °C before entering

the I, tank

- tank capacity ~30 min operation at 2 mmol I, /s,

-iodine concentration from light absorption (488 nm, € = 444.6 1/mol cm,

or G4g5=1.7 x 1078 cm? ),

- spectral photometer Spekol 11 with fibre optics,

- I, diagnostic cell: pressure and temperature sensing,

- I, flow rate from He flow rate, I, concentration, P and T in diagnostic cell,

- additional He through a line by-passing the iodine tank, enables to adjust
required I, flow rate (automatic control is prepared).



Data acquisition system

Most of the measured parameters processed by A/D converter (32 channels) and

by PC

TESTS OF COIL SUBSYSTEMS

Tests of jet SOG
Experiments with Hep,im introduced downstream of the generator

Values P, = 02(1Ag) yield easily controlled by choking exiting gas - Fig. 1a.,
P in subsonic channel: 3.2 - 3.9 kPa (24 — 29 torr),

Oy('A) yield - Fig. 1b

water vapour pressure - Fig.1¢

gas temperature in subsonic channel - Fig.1c

Experiments with Heprim admixed into Cl, upstream of the generator

Pgen on throttle valve position - Fig. 2a

0,('A,) yield - Fig. 2b

gas temperature in subsonic channel - Fig. 2¢, 3

Effect of SOG run time on BHP temperature (40 mmol Cl, /s + 80 mmol Heprin/s,
15 1BHP): dT/dt = 5°C/min - Fig. 3,

BHP jets temperature by 2 — 4°C higher than bulk temperature,



Tests of gas dynamic conditions in COIL device

Tests at “cold flow run”:

The average Mach number, M, in the subsonic channel’

n=(k/R 0" (APu/ T")M {1 + Mk - 1)/ 2) 2

n - total molar flow rate, x - adiabatic constant, R - gas constant, | - molecular

weight, A - flow cross section, Py, - static pressure, T - stagnation temperature.

Experimental conditions:

nnz = 22.3 mmol/s, nye = 89.5 mmol/s,
Pgub. cn, = 2055 Pa, A =9,5x50 mm,
T =293 K,

Resulting average Mach number: M, = 0.41.
Average Mach number in the resonator optical axis: M, =1.9 - 1.4
Local Mach number in the centreline of ss cavity:

Poae / Pei= {2/ [ - 1) M}V {12 My x /(i + 1)] - [(x - 1)/(ic + 1)} /<D

Pp;; - Pitot tube pressure, A =9.16 10 mz, h=16 mm, w=55 mm.

Local Mach number in the resonator optical axis: M, =2.4-2.2



Tests of iodine vaporiser

- study of I flow rate: controlled by He temperature, He flow rate, voltage and
time of tank jacket heating.
Time dependence of I, flowrate - Fig. 4 (preheated tank, without He heating),
Fig. 5 (effect of He temperature),
= preheating of secondary gas can compensate the negative effect of
iodine cooling caused by evaporation heat,

- iodine evaporation system with preheated gas can provide constant I, flow

Mixing of primary (O, + He) and secondary (I, + He) flow

Iodine jet penetration given by penetration parameter’

1—I:ns/np {(I\/IsTSPP/I\/IPTPPS)}”2

Experiment : at P,,,= 370 - 430 W:
primary flow: 37 mmol O,/s + 1 mmol Cl,/s + 80 mmol He/s
np =118 mmol/s, M, = 13,35 x107 kg/mol,
T, = 273 K, P, = 3800 Pa,
secondary flow: 40 mmol He/s + 1.1 mmol I,/s
ng =41.1 mmol/s, M = 10.7 x 10° kg/mol
Ty = 343 K, P,= 13500 Pa
Resulting penetration factor: IT=0.093,

A hardware design parameters = full penetration parameter, Hﬂ.“,3 :
Hﬁ]]|=dAs/5DAp :

d - height of subsonic channel, D - diameter of iodine injector opening,



A - cross-section of secondary flow, A, - cross-section of primary flow.
Our COIL: Iz = 0.105,
H/Hfu" =89 %

Experiments with laser generation

Main problem: entraining of BHP droplets and BHP foam into gas channel
- geometry of the generator near the gas outlet (extremely high gas velocity of
gas crossing last rows of jets) - effect increases with increasing generator cross
section,

- problems of liquid film creeping up the walls

Typical experimental conditions:

40 mmol Cly/s, 80 mmol Heyin/s, 40 mmol Hego/s, 0 - 3.0 mmol I/s,
X =6 mm or 10 mm (distance between the I, injector and nozzle throat),
0. = 0.85 - 2.6 % (resonator mirrors output coupling),

=35 or 55 mm (distance between the critical section and optical axis)

Experiments with prim. He downstream JSOG (behind throttle valve)

An output power 60 W - 150 W at I, flow rate of 0.5 - 1.25 mmol/s and
& =0.85 - 2.6 %. Effects of the distance I, injector - nozzle throat, and nozzle
throat - opt. axis - not revealed in this series for poor reproducibility for escaping

liquid problems.



Primary He admixed into Cl, upstream of the generator

Py better (to 280 W) for shorter distance I, injector - nozzle throat (5 mm)

- result of smaller loss of I" before nozzle throat.

Study of effects of Pgey, 12, Npesecy O, and operation time:

- greater opening of the throttle valve resulting in lower generator
pressure (below 6 kPa ~ 45 torr) reduced laser power substantially

(in contradiction to a higher Oz(lA) yield) - Fig. 6

- reason: light scattering in the laser active zone on streaming liquid
droplets,

- water concentration was rather low (40 - 50 Pa vs. 580 Pa of O,('A)),

- effect caused by a lower Py, and higher gas velocity in the generator (at

more opened TV) and increasing capture of liquid droplets by gas.

Later experimental series
Suppression of escaping liquid increased the laser output power up to
430 W (38 mmol Cly/s, 7epem = 12.5 %)

Laser power - mostly affected by iodine flow rate - Fig. 7

(P between 375 W and 425 W, if nj, between 1.0 and 1.75 mmol/s),
From this time dependence = laser power vs. iodine flowrate - Fig. 8
Effects of n;; on laser power at different output coupling - Fig. 9.
From this dependence - the small signal gain and saturation intensity.
The Rigrod gain saturation model
P, =58 {[20tag g/ (8. +8)]° — 1} I
s is the output beam cross-section, &, - total external coupling, &, - internal cavity

Earlier experimental series
|

|

|

|

|

|

losses.



Our COIL: s = 6.1 cm?, 1, = 5.5 cm, and §, = 0.12

np, mmols” | oz, cm? | I, Wem?
0.5 0.0137 3025
1.0 0.0163 3238
1.5 0.0155 4428

Very important effect of mirrors quality - a relatively stable Pp observed with

some mirrors only (e.g. Fig. 6).

- often a time decrease in P, caused by worse quality mirrors ( Fig. 10),

Multimode beam patterns - see example



Comparison of our COIL (jet SOG-COIL) with VertiCOIL (disk SOG-COIL)
from USAF Research Laboratory (data taken from Phipps ef al® and Helms al’)

VertiCOIL in AFRL JetSOG-COIL in IP
Total power 420 W 430 W
Chlorine flow rate 36 mmol/s 37.8 mmole/s
Primary He diluent 135 mmol/s 80 mmol/s
Generator pressure 38 torr 8 kPa (60 torr)
Diagnostic duct pressure 28 torr 3.8 kPa (28.5 torr)
Laser cavity pressure 4.5 torr 380 Pa (2.8 torr)
BHP inlet temperature -30°C -22°C
BHP outlet temperature -19°C -18°C
Diagnostic duct temp. -10°C +2°C
Penetration factor, I1 0.110 0.093
Full penetrat. factor, gy - 0.105
Chemical efficiency 0.12 0.12
I,/0, 0.017 0.029
Starting BHP molarity 7.2 M HO,/0.5 M H,0, | 6.7 M HO, /2.3M H,0,
Oy('A) yield 0.54 (assumed) 0.72
Mirror reflectivities 0.997/0.982 0.9995/0.981
Mirror scattering loss 0.0025/0025 not estimated
Mirror absorption loss 10°/107 not estimated
Mode length 32cm 3.7 cm
Gas velocity in cavity 1.0x10° c/s 0.9x10° cm/s
Small signal gain 0.014 cm™ 0.015 cm™
Saturation intensity - 4 kW cm™

10




CONCLUSIONS

Experiments with COIL subsystems:
- our designed jet SOG able to generate Oz(lAg) with high excitation
efficiency and low water content,
- tests of gas dynamic conditions proved a fast flow in the subsonic channel
and supersonic flow in laser cavity,
- originally designed iodine vaporiser using pre-heated He may provide

constant iodine flow rates up to 3 mmol/s.

COIL results:

- proved very detrimental effect of liquid droplets in the laser cavity and
called for improvements, which resulted in suppression of liquid droplet
escaping from JSOG,

- found optimum experimental conditions suppressing this effect,

- achieved appropriate Py, and estimated small signal gain and I;.

Near plans:
- to improve COIL parameters (measurements at higher ncpp,
using mirrors of better quality and greater aperture, to shorten subsonic

channel)

11
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Deutsches Zentrum fir Luft- und Raumfahrt e.V.

Scanning Equipment with Emitter / Detector Unit

YIAOH™
§310NIdS .

i DLR




Deutsches Zentrum fir Luft- und Raumfahrte.V.
Experimental Set-up

total reflector = X ’ —x
__}EO.BZ m
laseractive medium ; 020 m

LAM & R

wedge 3° 4 10.32m

—x

a;
}< 0.1m
mirror 1 122 m
45°
mirror
~ lens
mirror
2
I 2
vertical axis: flow axis:
y-scan z-scan
i DLR




Deutsches Zentrum fir Luft- und Raumfahrte.V.

Spot Size and Position Definition

spot size: 5 =5 4
direction —» | flow | vert. o m—

4 position axis z | axis z

reflector 5.4 5.4

LAM (=mirror) 6.2 7.1
LAM (=>wedge) | 6.6 8.1
wedge 7.4 9.7

0.32m

0.32m
—i 0.20m
A

measured beam divergence:
® = 2.3 mm-mrad

The dimensions of the beam at mirror 3 >
determine the minimum angle between
the forwarded and the reflected beam ﬂ 127 m

@ =10.2 mm

blade ™==mm= === lens

emitter detector
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COIL-R&D WORKSHOP, Prague’ 99

Lebedev Physical Institute, Samara Branch

Nikolaev V.D., Zagidullin M. V.

The gas dynamic parameters, efficiency of mixing and

lasing in COIL with ejector array of supersonic nozzles



Lebedev Physical Institute Samara Branch

~ Dependence of Mach number on iodine molar flow rate
Conditions: optical axis-nozzles 89 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s.
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Lebedev Physical Institute Samara Branch

Dependence of output power on iodine molar flow rate

Conditions: optical axis-nozzles 89 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s,
mirrors T1=0.8%, T2=0.014% (nonresonant loses were unknown)
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L7\camars, Lebedev Physical Institute Samara Branch

Dependence of output power on total mirror transmission

Conditions: optical axis-nozzles 89 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s,

Total power, W
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The video of mixing-dissociation zone showed that the length iodine dissociation

was shorter 50 mm

Pressures at maximum output power conditions:

SOG: 41 torr , Plenum : 35.2 torr
Laser cavity: 11.9 torr, Pitot: 81 torr, Mach: 2.2

Total pressure of gas flow in cavity 128 torr



% " \<AMAPAD Lebedev Physical Institute Samara Branch

Dependence of output power on iodine molar flow rate
Conditions: optical axis-nozzles 64 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s,
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] Lebedev Physical Institute Samara Branch

Dependence of output power on total mirror transmission

Conditions: optical axis-nozzles 64 mm, chlorine flow rate 39.2 mmole/s, primary nitrogen
molar flow rate 400 mmole/s, secondary nitrogen 40 mmole/s, mirror purging 10 mmole/s.

Total power, W
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‘M=0.78 mmole/s
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Pressures at maximum output power (M= 0.78 mmole/s):

SOG- 39.4 torr, Plenum- 33 torr, Laser cavity —11.2 torr, Pitot- 101 torr, Mach-2,6.
Total pressure of gas flow in laser cavity =218 torr.

For M= 0, Laser cavity —9.5 torr, Pitot- 98.3 torr, Mach-2,9.

Total pressure of gas flow in laser cavity =3 00 torr.
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The assembly of JSOG with nozzle bank
(high pressure nitrogen flow mixing with oxygen and
injection of iodine into boundary layer)

(P5 | |
optical axis

P3
~ _slit nozzle

N2+12 inlet

Inlet of high 7 | ;
pressure L valve
P2 L

__BHP inlet

JSOG

Cl2 inlet

receiving tank
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Kinetic and thermodynamic aspects of chemical
generation of atomic iodine for a COIL and their

consequences for experiments

Vit Jirasek, Otomar Spalek and Jarmila Kodymova

Institute of Physics, Prague



OVERVIEW

1.Introduction into subject

2.Chemical generation of atomic iodine

- chemical generation of I(2P3/2) via atomic fluorine
- chemical generation of I(2P3/2) via atomic chlorine
3.Modelling of the reaction system

- system with atomic fluorine

- system with atomic chlorine

4.Summary



1. Introduction into subject
COIL operation - strongly influenced by a ratio [I,]/[ O,('A)]

Disadvantage of use of molecular iodine :

e difficult supply, both from solid and liquid phase
e meaningful part of stored energy in Oz(lAg) is consumed
for I, dissociation

— use of atomic iodine : an estimated increase up to

25% in laser power

Possible techniques for an atomic iodine production :
e discharge techniques ( dc discharge of alkyliodides',
microwave discharge technique?)

e chemical reaction (used for NCl(a'A) + I laser’)

'N.P. Vagin, N.N. Yuryshev, Proc. SPIE Vol. 3574, 321 (1998)

2 M. Endo, M. Kawakami, S. Takeda, F. Wani, T. Fujioka, Proc. SPIE Vol.
3612, 56 (1999)

3 T.L. Hanshaw, T.J. Madden, J.M. Herbelin, G. C. Manke, B.T. Anderson, R.T.
Tate, G.D. Hager, Proc. SPIE Vol. 3612, 147 (1999)




2. Chemical generation of atomic iodine

Aims:
e purely chemical generation
e method suitable for a cw COIL operation

e use of commercially available gases

Suggested process :

1. production of F or Cl atoms

2. reaction of these atoms with HI :

X + HI (DI) > HX (DX) + I(*P3,), X = F orCl




Chemical generation of I(2P3/2) via atomic fluorine

First step : generation of fluorine atoms

= proposed reaction : *

NO+F, »NOF+F  k=7x10" ¢ 10T ;3671 I-1)
= fast

= exothermic (~AH,0=77 kJ/mole)5

loss processes *;

F+NO+NO—>NOF+NO k=17 x 107 emfs’ (1-2)
F+NO+He - NOF+He 4 =1.1x10" cmbs’! (I-3)
F +wall — products ky=12+19 g (I-4)
F+F+M—>F,+M ks=53x 107 emS'  (1-5)

' C.E. Kolb, J. Chem.Phys. 64,3087 (1976)

> S, Johnsten, H. J. Bertin, J. Amer, Chem.Soc. 81, 6402 (1959)

°F.G. Skolnik, S.W. Veysey, M.G. Ahmed, W.E. Jones, Can. J. Chem. 53, 3188
(1975) |

"C.A. Helms, L. Hanko, K. Healey, G. Hager, G.P. Perram, J. Appl. Phys. 66,
6093 (1989)




by-product: NOF formed partly as NOF" — decays®:

NOF* — NO +F ~ ke=3.3x10"" em’s” (I-6)
NOF"— NOF+hv - k7~ 107 s (I-7)
NOF" +M — NOF + M ks=3.3x10"cm’s” (I-8)

F production efficiency :
e critically depended on the dilution’ and [F,]:[NO] ratio
e 18 % predicted®

i
e 20-30 % measured’

Second step : reaction of fluorine atoms with HI

F + Hl — HF (HF) +1(*P3;) ko=7.3x 10" em’s” (1-9)
= very exothermic (AH x5 = - 216.7 kJ/mole), 75%

transformed to vibrational energy of HF* (v<6)’

" C.A. Helms, L. Hanko, K. Healey, G. Hager, G.P. Perram, J. 4ppl.Phys. 66,
6093 (1989)
8 .M. Hoell, F. Allario, O. Jarrett, R.K. Seals, J. Chem.Phys. 38,2896 (1973)



also electronically excited iodine atoms I (*P;,) may be
formed '*:

F + HI — HF + I (Pyp) (I-9a)

— insufficient for a laser action due to the actual branching

ratio of T (°Py)

HI molecule - inefficient quencher of Oz(lAg)”:

O,('Ay) + HI — 0,CT) +HI  kip<2x 10" em’s™ ((1-10)

quenching of I :

Hl+ I’ > HI +1 ki, =5.7x 10" em’s” (I-11)

— important for COIL operation

?N. Jonathan, C.M. Melliar-Smith, S. Okuda, D.E.. Slater, D. Timlin,
Molecular Physics 22,561 (1971)

' . Dinur. R. Kosloff, R.D. Levine, Chem.P". ys.Lett. 34. 199 (1975)

'" J.B. Kottend. C.E. Gardner, R.F. Heidner J. Chem.Phys. 80, 1861 (1984)




Chemical generation of I(2P3,2) via atomic chlorine

First step : generation of chlorine atoms

12
overall process ™ :

ClO, +2NO > 2NO,+ Cl (1I-1)

: : : 213
chain-branching reaction scheme'"*:

ClO-+NO — NO, -~ CIO k2=3.4x 10" em’s™ (11-2)
ClO ~NO - NO; ~ Cl k=1.7x10" em’s"  (11-3)
Cl - ClO- - 2 ClO ks=35.9x 10" em’s! (11-4)

> j. Arnold. K.D. Foster. D.R. Snelling, R.D. Suart, Appl. Phys. Lett. 30, 637
(1977)

g Arnold, K.D. Foster, D.R. Snelling, R D. Suant, /EEE J. Quant. Electr.
QE-14,293 (1978) ’

1




loss processes :

Cl+NO,+He - NO,Cl+He  ks=7.2x 10> cm’s” (II-5)

Cl + CINO, — Cl,+ NO, ks=3.0x 10" cms™ (11-6)
CIO + NO, + He - NO;Cl + He 4 =1.0x 107" cm%™ (11-7)
Cl+Cl+M—>CL+M k=64x10% cm®s? (11-8)

Second step : reaction of chlorine atoms with HI
Cl+HI - HCI' + I(%P3p) '™ ko= 1.64 x 10" cm’s™" (11-9)

=132.5 klJ/mole exothermic’, 70% transformed to vibrational

energy in HCI™

** J.C. Polanyi, K.B. Woodall, J.Chem. Phys. 56, 1563 (1972)




side reactions '>'>'¢ :
1+Cl+M—>ICl+M kio=1.0x 107> cm®™ (11-10)
[+1+M—>L+M kini=42x10" cm®™! (1I-11)

HI +0y('A) —» HI + 05 kn<2x 107 em’s”  (11-12)
HCI + 05('A,) = HCl+ 05(°%,) hiz=4x 10" em’s™  (11-13)
HCl+1 — HCl+1 k1= (0.32-1.5) (11-14)

4 3l
x 107"%em’s

method successfully applied in operating purely chemical

HCI and HCV/CO, transfer lasers'*"

'* Kulagin. Yarvgina et al”
5P Singh, J. Bachar, D.W. Setser, S. Rosenwaks. J. Phys.Chem. 89, 5347
(1985)

" 10




- 3. Modelling of the reaction systems

specifications :

e one dimensional model

e reactants introduced directly into the primary flow of COIL
e instantaneous mixing

e heat transfer to the walls neglected

e fluid dynamic neglected |

o enthalpy balance with c,7cy(T) included

flow and pressure conditions — typical for the subsonic

channel of our SCOIL :

Cl- tlowrate 40 mol/s
pr. He flowrate 80 mmol/s
sec. He flowrate 40 mmol/s
total pressure 4 kPa

Oz("Ag) pressure 580 Pa

flow speed 100 m/s




Reaction system with atomic fluorine as

intermediate reactant

First step : production of atomic fluorine

e reactions (I-1) - (1-3) and (I-5) included
e wall recombination neglected
e reactions with primary flow components neglected

e AH. of reactions (I-1) and (I-3) included

Results :

e 30 % maximum efficiency of F atoms at ratio
[F,]:[NO]J:[He]=1:2:30

e high temperature ( 550 K)

e 10 cm reaction path for maximum [F]

e high residual concentrations of NO, F, and NOF

- 12




Second step : HI added into the system

1. HI injected together with F,+NO+He mixture
2. HI injected downstream to the primary flow at the place of
maximum [F] concentratic ~

e reaction (I-9) and recombinati:zn of I atoms (II-11) added

e quenching processes by HI negle ~ted

Results :
e 100 % conversion of HI to F !
e HI injected together with F>+NO+He mixture -
- long reaction path
- 90 % conversion at 50 cm
- temperature 525 K
* Hl injected 9.6 cm downstream of F,+NO+He mixture :

- 53 9% conversion at 23 cm

- temperature 8§00 K

3



Reaction system with atomic chlorine as

intermediate reactant

First step : production of atomic chlorine :
e reactions (I11-2) - (1I-7) included
* AH, of reactions (II-2), (11-3) included

e recombination of Cl atoms neglected

e reactions with primary flow components neglected

Results :

* ClO is the main product at ratio [C10-]:[NO]:[He]=1:1:75

® 56 % maximum efficiency of Cl atoms at ratio
[C1O:]:[NOJ:[He]=1:2:75

e temperature 450 K

e short reaction path for maximum [C1] ( 0.46 cm )

e high concentration of NO-

14



Second step : HI added into the system

1. HI injected together with C10,+NO+He mixture

2. HI injected downstream to the primary flow at the place of

maximum
e reaction (I1-9) and recombination of I atoms (II-11) added

* quenching processes by HI neglected

\

Results :

e best results if HI is injected together with C10,+NO+He

mixture
e 80 % | yield at 5 cm, maximum 90 % yield at 20 cm

e temperature 480 K

s



4. Summary

¢ the most efficient production of atomic iodine :

- ClO,, NO and HI injected as reactants into the subsonic
channel

- 90 % conversion of HI io I when HI injected
simultaneously

- 3 cm reaction path when HI injected 0.46 cm downstream

e reaction scheme with fluorine atoms :
- reaction path substantially longer (50cm)
- lower yields of atomic iodine (~60 %)

- separate reactor at higher pressure needed
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PULSED CHEMICAL OXYGEN-IODINE LASER WITH
VOLUME GENERATION OF IODINE ATOMS.

Yuryshev N. N.

P.N. Lobedev Physics Institute
117924 Maseow, Leninski prospekt 83, Russia

Introduction. |
Different ways of pulsed mode realization in COIL.
Water vaper influence.

Pulsed COIL with phetelysis.

Pressure dependenee of autput energy, OZone photolysis as
singlet oxygen seuree.

T ST e
e e @ »

ok ek
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l h ‘singlet oxygen
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CW COIL with Q —switching

llz

- 0(D) 0.('A)
_ Flow
—> I -
Velocity V
1
<+ >
1,

Relaxation process O,('A) + ICPi) —> Oo('%) + I(Ps) Kz =110"% ems
ta1=1/K[ICP) = 1/Ks (1]
Lnax = VT ra1
E siorea = hv [ 0:('A)] S V/ K3 []
T putse = 1/ K transter [1]

P putse = hv[ O’ D] S V K transter | Ks P puse / P cw = K transter / Ky = 7.7-10°

For limited aperture

P puse/ P cw =L K transter /v

Experiment




Pulsed COIL with Volume Generation of Yodine Atoms
l RI

0,('A) 0,('A)
Flow

——> _RI
Velocity V

AN\

hv,

Y

A

L v

Relaxation process O:('A) + O2('4) —> 0,('2)+0.,(2) Ky= 2-10™"7 em’/s
Tra2= 1.7T/Ky [0(A)]o
, Liax = VT ri2
T a2 /T en= LTKG[I}/ K4 [02('A))o =8.510%-{ {1}/ [O2('A)] }
E'..,...‘ is a function of activé mé;lium volume and singlet oxygen pressure.

Pulse duration and small signa! gain are the functions of iedine atom concentration.



Influence of Water Vapor Content on Output Energy

(PRl + [H:0] - [CPs)l + (H0l,  Ka =2-10" em’/s

K qranster [0208)] HCP32)] >> K g (I(R3n)}-[H:0]

120 1 | | —
100 1 Y

80 1 o ® .

60 -

Eout, mJ

. 40 -

20 -

0 - T
0 0,5 1 1.5
P H20, torr

Dependence of output energy on the partial pressure of the water vapor,
Po; = 0.35 torr, P g = 0.12 torr



At e e e
RESRNSPES L REVPLC S

Pulsed COIL with photolxm |
' l RF M;(R-99 0%; r=co)
) I'{ 17772774

< ;ROH

.~ |-~ :To pump (100Vs)
- M2(R=96%; r=>5m)

Yodides mvestxgatcd CH;;I CF3I C3F7I C3H7I

Po; =3 Torr, Clz ﬂowrate =20 mmole
E  =44J, €uwu=3 1J/l 7=15-500 ps

=300 kW

pulsc

Intrinsic etﬁcu,ncy 700 % (depends on iodine concentration

produced)
oy

Flash lamp efficiency —10...20% —Total efficiency — 70...140%



IODIDE INFLUENCE
CHI, CFsl, CoFil

1. High Cl, utilization
1.9 - 107%° CF;l
M+ R+ 0,—RO, k =
| . 4.5 -1073 CH,l

Oz(lA) 02(32) k~45- 10_11
s CF302‘—> '
1(3Py/2) 1(*P3/2) k~25-107"

CH:I is preferabl_e

2. Deﬁéient Cl, utilization

0;(*A) + Cl, + CH;I—I + products
k=4-10"% cm®.s7?
CyFon:I — no reaction

[Cly] control method

- S ONTR e




Pulsed COIL with Electnc Dlscharg_

e e ——

e e e

To PUMP’

[ LY -
SENN™

.
¢

BAANS

\
T«

Sparger Type Singcht Oxygen Generator

NO WATER VAPOR TRAP

Typical mixture composition: 0, -t 2Torr, CF;I —to 1 Torr, He(Ar) - to
3Torr .

Chlorine flowrate — 11 mmole / s, Flow velocity — 3dm/s

Discharge parameters: U= 14 28 kV /60 cm, t=3 18
Capacitor —5—10 nk

Energy stored —1-38 J



Pulsed COIL with Electric Discharge
Experimental results

BJ = i =
e l ” ]
. .‘:.I A‘ . \O\
10} St o
° 4 . l . )
I e | . 140
,
) lA \ . . .
e ——t . .. ‘ A. - o. . . . _30 . ‘
N . . \\o . ‘ 20
A ~.
40
T ‘. . L : 0
U ‘ 2 [/ 5 ~E.stored"I
21 eV< € podineatom <29 €V, Photolysis: € 1odine atom = 3 €V

Buffer gases: He, Ar, Nao, Epe:Ear:En2=2:14:1
= .=1.8J, Efficiency =91% - ®
R =CH;l, E .. ici n.y o, ZCbem 7(0/0
P puise = 100 KW at Chlorine flowrate of 14 mmole /s
Repetition operation to 20 Hz

TE facilitv is under manufacturing




i

i

AUARERRRNERY

i

1




Transfer Flow Transfer Excitation COls

Motivation: -—-degradation of output energy of a longitudinai COILL at

increased repefition rate

celaxation of energy stored in active medium due to reaction

Cl,+ 0y('A)+ RI

Background: --Apollonov and coworkers —-simple
drive

electrode configuration to

HF nonchain laser. Pspg — 70 TorT, electrode gap - 15 ¢m

The problem of matching for transverse excitation.

The experimental units designed:

1. 50-cm length laser cell with simple electrode configuration and electrodes

wreated with sand paper— unseccessful result
—transfer to preionivzati_bn with surface discharge

2. 5-cm length laser cell with barrier discharge preionization — in progress 235858

Lxl x50 ¢’

3. 20-cm length laser cell with resistively loaded pin electrodes — laser
generation 18 obtained. Eoi = UM, 112 = 30 ps. Optimization

0, ~ 4 Ter~, He - 37777 UL T —u 5 e
E] ™ - ; *

V:x5=2320:t5uﬁ
< 4 - <
S = SEC mIS L 2 ~ 337
’ S b€t /
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Motivation: ~electrical discharge as a source of singlet oxygen
~dischurge generation of atomic iodine for COIL

Expected goal: -khetic information necessary to describe the singlet oxygen
behavior in plasma

ot e et

K

tx "
} 3
‘ F
i

B

T BRI  WuA SA C am - SR o

H
—————— ]
H

Schematic diagram of experiment: 1-discharge chamber, 2-disk electrode 54.8 mm o.d.,
3 pegative spherical electrode 20.2 mir 0.d., 4-flow direction, S.regulated high voltage supply,

7-volumeter. Electrode gap 6.6 1am




Tabmuua 1.

Ne O+ | 0i('a) | H0 U Nd E/N ad
wn | Oy('A) . . ;
(Topp) (Topp) B | (10%cw) | (10"°Bem®) |
1 1.4 . 0.1 543 0.0327 166.2 11.31
2 1.4 + 0.1 520 0.0327 159.2 11.32
3 2.1 - 0.15 604 0.0490 1233 13.86
4 2.0 + 0.15 | 565-| 0.0468 120.7 13.52
5 2.1 - 0.09 | 606 | 0.0477 127.1 13.82
6 2.0 + 0.09 552 0.0455 121.3 13.22
7 14, - 0.2 541 0.0348 155.2 11.56
g 1.4 + 0.2 533 0.0348 152.9 11.83
9 2.1 - 0.03 | 600 0.0464 1293 13.62 lg
10 2.1 - 0.27 611 0.0516 118.4 14127 f
11 2.0 + 0.7 603 0.0588 102.5 14.66 |
12 | 0.88 - 0.01 | 4956 | 0.0194 255.7 823
13 0.9 + 0.01 | 478 0.0198 2412 .37
14 09 + 0.03 | 479 | 0.0203 2365 | 846
15 0.9 + | 0.06 482 | 0.0209 230.5 859
6| 09 T | 007 | 490 | 0021l | B[S | 5%
17 | 097 - - 535.8 | 0.0211 253.6 1227
18 | 1.66 - - 579.6 | 0.0362 160.3 8.96
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V, Volt

The study of VCC

Experimental set-up

22,5

current
-+
voltagze
S R T T
P X
110 +
X .
X T
100 X
X
X
X
ool
|
80
70+
Q*@
501 HTe o0 5 .0 o
; e o o
i ° C
i °
soF
: !
PR . . N
Ol(,‘ 26 30 40 S 60 70
QUQC ace l LmA

XXX twace ?



-

V. Volt

The study of VCC

Experimental set-up
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